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Introduction
Seed production during founding stages by potentially invasive plants can influence rates of local spread and contribute to the probability of long-distance colonization (Kinlan and Hastings 2005; Stokes et al. 2006; Jongejans et al. 2007) . One challenge for nonnative plants that require pollinators is establishing effective and consistent pollinator interactions during the colonization process. This step has been predicted to be an ecological obstacle to becoming invasive (Baker 1955 (Baker , 1967 , especially for self-incompatible plants for which low genetic diversity in founding populations can limit genetic diversity and seed production (Elam et al. 2007) . Although a large proportion of the nonnative plants in the United States are biotically pollinated (Goodell 2008) , the extent to which pollinator interactions constrain these plants' invasion depends on the magnitude of pollen limitation of reproduction. Empirical data suggest that seed production in most plants is limited by pollinators some of the time (Young and Young 1992; Burd 1994; Knight et al. 2005 ; although see Knight et al. 2006) . Theoretical contributions predict widespread pollen limitation of reproduction among biotically pollinated plants (Burd 2008) , while both theory and observation suggest that plant invasions are likely to be associated with ecological conditions that promote pollen limitation of reproduction not only during the founding phase, but in established invaded populations as well (Ashman et al. 2004) . Established invasions can cause large pulses in floral resource availability that saturate the resident pollinator community (Goodell 2008) . Mismatches between pollinator abundance and flower availability could limit seed production and impede the invasion process. Although not widely tested, pollen limitation has been reported in a number of established invasive plants (Parker 1997; Larson et al. 2002; Harmon-Threatt et al. 2009 ).
Even among successful invaders, differences in pollinator interactions among populations across an invaded region could affect invasion dynamics (Parker 1997; Parker and Haubensak 2002) . At smaller scales, variability in mating patterns within populations can contribute to the dynamics of invasions because it influences individual reproductive output, the distribution of genetic diversity, and selection (Dudash 1993; Herrera 1995; Hansen and Totland 2006) . Parker (2000) demonstrated a relationship between pollen limitation and the fecundity of the invasive shrub Cytisus scoparius from the center to the edge of a population.
Where invasions span habitat boundaries, such as forest edges, environmental factors could modulate local-scale reproductive performance directly, as well as indirectly via their effects on pollinators. For example, local-scale variation in light and temperature can change visitation frequency and composition of visitors to flowers (Herrera 1995 (Herrera , 1997 McKinney and Goodell, in review) . In some cases, low visita-tion rates in darker environments reduced female plant fitness relative to that in lighter environments (Montgomery et al. 2003; Kilkenny and Galloway 2008) . Variation in female reproductive output across habitat boundaries can also reflect underlying differences in resource limitation to seed production (Totland 2001; Ashman et al. 2004 ), which can vary over small spatial scales as well.
Invasive plant populations in forested habitats often experience lower intensity and more variable light environments compared with those in forest edge habitats (Galloway 2005) . Differences in pollinator services seem likely between these two light environments, but the effect of light on pollination may also be influenced by intrinsic factors (such as plant size, flowering, and nectar production; Herrera 1995; Kilkenny and Galloway 2008 ) that can indirectly affect pollinator foraging and seed production. We examined variation in pollinator visitation, conspecific pollen deposition, and amount of pollen limitation in the invasive shrub Lonicera maackii, which grows in both forest interior and forest edge habitats. The objectives of our study were to determine the local-scale variation in pollinator service and pollen limitation of fruit and seed set in adjacent forest edge and forest interior habitats. Specifically, we asked (1) Are pollinator visitation and pollen deposition lower in forest interior habitats than in forest edge habitats? (2) Are fruit and seed production pollen limited? (3) And, if so, is pollen limitation greater in forest interior than in forest edge habitats? We expected to find lower insect visitation and pollen deposition on stigmas in forest interior habitats than in forest edge habitats. These differences in flower visitation and pollen deposition between habitats, if large enough, should translate into greater pollen limitation of fruit and seed production in the forest interior unless resource limitation in this low-light environment limits the ability of plants to mature seeds. If resources other than pollen limit reproduction, we predicted that variation in visitation rates and pollen deposition would have little influence on seed production.
Material and Methods

Study Species
Lonicera maackii (Rupr.) Herder (Amur honeysuckle), which was introduced to North America in the late nineteenth century from China as an ornamental shrub, has invaded forests and fields of the eastern United States. It has proliferated in disturbed open areas and forest edge and forest understory habitats (Luken and Thieret 1996; Deering and Vankat 1999) . Lonicera maackii produces large numbers of fragrant flowers in May and early June for a period of 3-5 wk. The nectar and pollen offered by L. maackii flowers are used by a wide variety of bees and other nectarivorous insect species (K. Goodell, A. M. McKinney, and C.-H. Lin, personal observation) . In an earlier study, we found that pollinator visitation is required for seed production in L. maackii and that outcrossing improves seed production over selfing by a factor of 5 (Goodell and Iler 2007) . Lonicera maackii fruits are small, fleshy berries, containing 1-10 seeds, that ripen in November. Individual branches can produce hundreds of fruits. Because L. maackii spreads by seed, pollinators potentially play a large role in this species' rate of spread. Given the importance of pollinators to the reproduction of this species and the keen interest in its control, it is important to know to what degree fruit and seed production are limited by pollinators in the invaded range.
Field Site Descriptions
We studied L. maackii populations at two urban forest sites, Waterman Experimental Farm and Kenney Park. These mesic, deciduous forests have similar species compositions but differ in their management histories. Each study site encompassed a ;0.5-ha portion of invaded forest along the edge that extended 50 m into the understory. The Waterman site is located in an 11-ha woodlot in the northwestern corner of the Ohio State University's Waterman Experimental Farm (Columbus, OH). Canopy species, some >100 yr old, consist mostly of native species, including Acer negundo, Acer saccharinum, Fraxinus americana, Juglands nigra, and Ulmus species (Horn 1985) . Lonicera maackii is the most common understory shrub, but other invasive shrubs also occur, including Euonymous alata and Ligustrum vulgare. In the understory, native forest understory herbs, mostly Cardamine spp., Claytonia virginica, and Trillium sessile, are scattered among dense patches of nonnative Alliaria petiolata, Vinca minor, and Hedera helix. The forest is surrounded by agricultural fields and urban and suburban development. During this study, an apiary was located 600 m from the forest patch that housed ;25 colonies of honey bees in 2006 and ;10 in 2007. Kenney Park is a 10.93-ha park located 10 km north of Waterman. This elongate patch of secondary forest stretches along one side of the Olentangy River and is flanked on the other sides by playing fields and developed land. The canopy species are similar to those listed for Waterman and, although L. maackii was the most common understory shrub, other invasive shrubs included E. alata and L. vulgare. Alliaria petiolata and a diverse assemblage of common native herbs including C. virginica, Geum canadense, Eupatorium serotinum, Asarium species, and Viola species covered the forest floor.
The two urban forests were matched for landscape context because of this factor's potential importance for pollinator communities (Kremen et al. 2004) . The landscape within a 3-km radius of both urban sites consisted of at least 90% developed land (96% at Waterman and 90% at Kenney) and <10% forested land (2.6% at Waterman and 8.3% at Kenney; USGS 2001).
This research was conducted in two habitats: forest edge and forest interior. Lonicera maackii occupying the forest edge grew with one side facing an open habitat and the other side located under the canopy trees such that approximately half of the branches were not shaded by the canopy at midday. Interior plants grew under the canopy completely. The spatial separation of edge and interior by this definition was only ;2 m, but a buffer of a minimum length of 10 m was used to separate the closest edge and interior plants. Plant 
Pollinator Visitation
In 2006 and 2007, we observed flower visitors at groups of ;100 flowers in both edge and interior habitats from 0900 to 1700 hours on fair-weather days when ambient temperatures were at least 18°C. Observations were not restricted to experimental plants but were made in the general study area on plants chosen at random. We alternated between forest interior and forest edge locations for both morning and afternoon observations, and we included a full range of sun exposures (shade, partial sun, and full sun) during 5-min observation periods. The number of flowers observed was counted, and all visits to flowers were recorded. Observations were conducted over five separate days in both the morning and the afternoon, but weather conditions contributed to fewer and more condensed observations in 2007 than in 2006. We determined the identity of visitors to the lowest possible taxonomic unit. Voucher specimens were collected for identification and are housed in the Triplehorn Entomological Collection at the Ohio State University (Columbus, OH).
We tested for effects of habitat and sun exposure on pollinator visitation to flowers by modeling the probability of a flower receiving a visit using PROC CATMOD (SAS 2003) with maximum-likelihood estimation procedures and iterative proportional fitting. The two sites were analyzed separately because of significant interactions of main effects with site that made it difficult to interpret responses to the main effects. Year, habitat (edge or interior), sun exposure (some sun or full shade), and their interactions were treated as categorical independent variables. The sun exposure variable was collapsed into two categories because we lacked adequate replication of sunny sites in the interior. The year 3 sun exposure interaction was removed from the final analyses because it did not contribute to the fit of the model. Visitation was the binomial dependent variable, and it was weighted by the number of flowers on each plant that were visited or not visited.
We compared the number of flowers on the observed branch visited per visitor in the forest edge and interior habitats using a t-test assuming unequal variances. We used a G-test of independence to test for an association of visitor category-Apis mellifera (the most common visitor) versus non-Apis visitors-with habitat using PROC FREQ (SAS 2003) . Visitor data were combined over sites and years because so few pollinators were observed in the interior.
Pollen Deposition
To relate visitation rates to pollen transferred to stigmas, we counted conspecific pollen grains deposited on 10 openpollinated stigmas from each experimental plant, which were collected when flowers had begun to senesce. Stigmas were collected into vials of 70% ethanol. We stained stigmas with an aqueous solution of basic fuchsin and mounted them onto microscope slides with a drop of glycerin gel to count conspecific pollen grains. We tested the influence of habitat on pollen transfer to stigmas using mixed-model ANOVA; number of L. maackii pollen grains deposited on stigmas (natural log transformed) was the dependent variable. Habitat, site, and site 3 habitat interaction were treated as fixed independent variables. Plant, year, and year 3 site interaction were treated as random independent variables.
Pollen and Resource Limitation
During the spring of 2006 and of 2007, we tracked fruit and seed production of open-pollinated flowers (open) and flowers that received supplemental outcross pollen (supplemental) that were located on the same plants. In addition, flowers of control branches located on neighboring plants of similar size (control) were used to test the notion that resources within a plant could be preferentially allocated to outcross pollinated flowers at the expense of self-pollinated flowers (Zimmerman and Pyke 1988) . For each experimental plant, we selected two branches with at least 100 flower buds on each along a common stem. The number of buds was recorded for each branch. All of the flowers on a branch received the same pollination treatment; these treatments were assigned to branches at random. Supplemental flowers were hand pollinated with pollen from two to three pollen donor plants located at least 5 m from the target plant but within the same habitat type. Open-pollinated flowers were unmanipulated. We hand-pollinated flowers in the supplemental treatment every 2-3 d, under fair-weather conditions, until the flower wilted. Because flowers stay open for 3-4 d, most flowers were pollinated more than once.
Evidence for pollen limitation was evaluated by comparing the proportion of flowers that set fruit, the number of seeds per fruit, and the number of seeds per flower between the open and supplemental treatments. We tested for effects of treatment and habitat (edge vs. interior) and their interaction on the three reproductive variables using a mixed-model ANOVA, Proc Mixed (SAS 2003) . The model included treatment, habitat, and the treatment 3 habitat interaction as fixed effects. The random effects included plant, year, and all interactions of these variables with the main effects. Specification of three-and four-way interactions between plant, habitat, treatment, and year in the random statement accounted for the nesting of treatments within plants within habitats for each year (SAS 2003) . Random effects that did not contribute significantly to the model were dropped; the final analysis included year, plant 3 treatment 3 habitat interaction, and the plant 3 treatment 3 habitat 3 year interaction terms as random effects. Because of significant interactions of main effects with site, sites were analyzed separately. Dropping the remaining interaction terms did not significantly alter the fit of the models as indicated by the residual log-likelihood estimates. The powers of tests showing trends in the expected direction (i.e., more pollen limitation in the forest interior) were tested using the methods in Kononoff and Hanford (2006) in SAS. Following the recommendations in Len (1996) , we used the observed variance and prespecified effect sizes of two and four times the difference in pollen limitation between edge and interior habitats. These effect sizes bracketed the observed differences.
To test for the possibility of reallocation of resources within plants contributing to the difference between open and supplemental treatments, we compared the three measures of fruit and seed production used above between open and control treatments using a mixed-model ANOVA. The model included treatment and habitat and their interaction as fixed effects. Random effects were modeled as above, starting with plant and year and their interactions with the main effects, and retaining those parameters that contributed significantly to the fit of the model. Plant and year were retained as random effects in the final analysis.
Resource limitation was evaluated by testing the effect of habitat on the three measures of fruit and seed set using only supplementally pollinated plants as a way of reducing influences of variation in pollinator services across habitats. We used a mixed-model ANOVA, with habitat as a fixed effect and year as a random effect (SAS 2003) . The year 3 habitat interaction did not contribute significantly to the fit of the model, and it was dropped in the final analysis.
Results
Pollinator Visitation
During 420 min of observations at the two sites in 2006 and 255 min in 2007, we recorded 155 flower visits by 62 visitors belonging to eight bee genera and two fly families. Visitation rates are reported to provide a comparison with other studies, but because of the large number of zeros, analyses were conducted on the probability of flowers receiving a visit. Edge flowers received more visits per observation than did interior flowers at Waterman, but not at Kenney ( fig. 1A) , as shown by a significant habitat effect for Waterman but not for Kenney (table 1) . Year contributed to variation in the magnitude of habitat effects at Kenney, as indicated by the significant interaction effect ( Exposure to at least partial sun during the observation period had either a positive effect or no effect on visitation rates and the probability of receiving a visit at the two sites ( fig.  1B; table 1) . At Waterman, a strong positive effect of sun exposure was evident in edge habitats (x 2 ¼ 28:18, df ¼ 1, P ¼ 0:0001). At Kenney, the positive effect of sun exposure was evident in the interior only, but it was less marked than it was for the Waterman edge plants, probably because of the overall lower visitation rates ( fig. 1B; x 2 ¼ 5:92, df ¼ 1, P ¼ 0:02). These differences are evident in the significant habitat by sun exposure interaction (table 1) . A significant interaction between habitat and year at Kenney reflects slight differences in the ranking of visitation in the two habitats across years, but in neither year was the effect of habitat sig-
The composition of visitors to Lonicera maackii flowers differed between sites and habitats. Apis mellifera, the introduced honey bee, accounted for most of the visits observed at flowers in edge habitats at Waterman, but it was uncommon at Kenney and absent from the interior of both sites (table 2). At Waterman, A. mellifera favored edge habitats, making up 86% of the visitors in edge habitats in 2006 and 69% of the visitors in edge habitats in 2007. The second most common visitors were bees in the genus Lasioglossum (Dialictus), which accounted for 9.4% of visits along edges and 22% of visits in the interior over both sites. Statistical evaluation of the independence of habitat and bee identity (Apis vs. others) indicated a strong dependence of Apis visitors on edge habitats, whereas non-Apis visitors were evenly 
Pollen Deposition
All but two of 607 L. maackii stigmas received conspecific pollen. Pollen deposition was 2.37 times greater on the stigmas of edge than interior flowers (F ¼ 57:84, df ¼ 1; 570; P < 0:01; fig. 2 ) in both sites, and there was not a significant site 3 habitat interaction (F ¼ 2:02, df ¼ 1; 570; P ¼ 0:16). However, pollen deposition was significantly higher at Waterman than at Kenney (F ¼ 6:15; df ¼ 1; 570, P < 0:02).
Pollen Limitation
Sample sizes for the fruit and seed production data sets were reduced from the original 16 plants per site each year because of broken branches and deer herbivory, with most losses occurring at Kenney in 2006. Sample sizes for individual analyses vary with the treatments used, and they are indicated in the figure legends when they differ from eight per treatment-habitat-site combination. Supplemental outcross pollen increased the proportion of flowers to set fruit by >100% and 50% for Kenney and Waterman plants, respectively, indicating significant pollen limitation of fruit set ( fig.  3; table 3 ). The number of seeds per fruit was 25% and 7% higher in supplemental treatments than open-pollinated treatments for Kenney and Waterman, respectively, but these values did not represent significant differences ( fig. 3; table 3 ). The overall effect of supplemental pollination on the number of seeds per flower was a 145% increase at Kenney and a 37% increase at Waterman over open pollination, which indicates that seed production was significantly pollen limited in these urban environments and was primarily manifested as a lower probability of setting a fruit ( fig. 3; table 3 ).
There was no evidence that the greater productivity of supplemental flowers over open flowers was caused by resource reallocation between branches, because there were no differences in fruit or seed production between open and control treatments, as indicated by the lack of treatment effects for both sites (Kenney: F 1; 22 ¼ 0:01, P ¼ 0:92; Waterman: F 1; 25 ¼ 1:09, P ¼ 0:18).
Although L. maackii flowers were generally pollen limited, the magnitude of pollen limitation did not vary significantly between the two habitats, as indicated by the nonsignificant treatment 3 habitat interaction effects (table 3). The results for Waterman, however, showed the expected trend: fruit set for interior flowers was, on average, 2.5 times more pollen limited than that for edge flowers (table 3; fig. 3 ). Power analyses showed that the test for the habitat 3 treatment interaction term had low power to reject the null hypothesis using mean differences of two and four times more pollen limitation of fruit production in the interior habitat than in the edge habitat (table 4). The power of the test for the habitat 3 treatment interaction for the variable seeds per flower was slightly higher due to the lower variance in this variable, but it was still lower than desired (table 4) .
Habitat significantly affected reproductive success (table 3) . Supplemental treatments in edge habitats outperformed supplemental pollinated treatments in the interior at both sites. Supplementally pollinated flowers in forest edge habitats produced 21% and 38% more fruits per flower, 29% and 19% Note. The two sites were analyzed separately because of significant interactions of other main effects with site. Observations were paired within habitats between branches in the shade and branches in the sun. 67 more seeds per fruit, and 32% and 56% more seeds per flower than interior flowers for Kenny and Waterman, respectively ( fig. 3 ). These differences were largely significant, with the exception of fruits per flower at Kenney (table 3) , thereby supporting the hypothesis of resource limitation of reproduction in the forest interior relative to the forest edge.
Discussion
Habitat Effects on Pollinator Visitation
Lonicera maackii received visits from a diverse group of native and introduced bee species representative of this forest type. In fact, the richness of native visitors recorded at L. maackii was similar to that recorded for native forest herbs flowering at the same time, such as Hydrophyllum macrophyllum, Geranium maculatum, and Polemonium reptans (K. Goodell and A. M. McKinney, unpublished manuscripts) . Our results are consistent with mounting data that show that nonnative invasive plants are well integrated into plant-pollinator webs and are visited by several to many pollinator species (Memmott and Waser 2002; Olesen et al. 2002) .
Pollinator visitation rates and composition varied across the forest edge and forest interior habitats. Visitation was strongly dominated by the introduced Apis mellifera at Waterman, where there was an apiary. Furthermore, most visits to edge flowers at Waterman were made by A. mellifera, while interior flowers received relatively more diverse visitors. This pattern resulted from the apparent preference of A. mellifera for edge habitats and the tendency of A. mellifera over native species to visit more flowers per plant, and this preference also contributed to the high visitation rates to edge flowers at Waterman. The avoidance by A. mellifera of interior habitats was also observed in a rural site over the 2 yr of observations of L. maackii that grew only in interior habitats (Goodell and Iler 2007) , despite frequent A. mellifera visits to Lonicera morrowi flowers in open areas. Rather than an artifact of the spatial layout of the habitat types relative to the location of the apiary (the edge was slightly closer), avoidance of interior flowers by A. mellifera seems to be a habitat-selection pattern related to extrinsic environmental conditions, such as light. Although we did not measure light levels in the two habitats in this study, results from other research in our lab indicate much higher light availability in edge habitats than interior patches of similar forests (K. Goodell, unpublished data). Irradiance levels accounted for similar variation in community composition of pollinators visiting Lavandula latifolia across two habitats, but the opposite pattern was reported; small solitary bees (e.g., Ceratina) avoided flowers that were exposed to low irradiance levels, whereas larger bees (e.g., Apis and Bombus species) did not respond strongly to irradiance levels (Herrera 1995) . Kilkenny and Galloway (2008) reported that visitation by both small (Halictus) and large (Bombus) bees to experimental arrays was higher in sunny than shady locations, but flies did not respond to light levels. So, although there appears to be a general pattern indicating a positive response of bees to high irradiance environments, responses seem to vary with species or context of the particular study. Factors such as thermal environment, for example, affect different pollinator species differently (Herrera 1997) . Intrinsic variation of L. maackii between habitats, such as higher density of flowers per branch, may also disproportionately attract A. mellifera and other visitors to edge habitats (e.g., Hegland and Boeke 2006; Shao et al. 2008) , but this would not explain the complete avoidance of the interior flowers. Finally, the range of floral choices and their spatial layout relative to the foraging ranges of the pollinator species is also important in determining foraging choices. In our study, L. maackii was plentiful, but it was one of the few floral resources available.
On average, flowers on edge plants received more visits and had more pollen grains on stigmas than did those on interior plants, which is consistent with previous data on pollinator visitation across light environments (Herrera 1995; Montgomery et al. 2003; Kilkenny and Galloway 2008) . The relationship between pollen deposition and visitation was not consistent, however. At Kenney, there was not a significant difference in visitation between the edge and interior habitats, yet pollen deposition was substantially higher on the stigmas of edge flowers than on those of interior flowers. Several factors may account for mismatches between visitation and deposition (Cayenne Engel and Irwin 2003) . Sample sizes for visitor observations may have been inadequate, resulting in inaccurate estimates of visitation rates. Slower pollen depletion in locations with low pollinator visitation or differences among pollinators in their pollination efficiency may have resulted in greater per visit pollen transfer on average. In this case, pollen deposition is likely to be a more accurate measure of pollination. Overall, our investigation indicated significant variability in pollinator visitation and number of conspecific pollen grains deposited among habitats over a spatial scale of <100 m.
Independent of plant location along edge or interior habitats, we found higher probabilities of visitation to flowers located in sunny spots compared with those located in shady spots, at least when significant differences occurred. Higher per flower visitation rates in high versus low light environments have been demonstrated for other plant species that occupy variable light environments (Montgomery et al. 2003; Kilkenny and Galloway 2008) . Pairing observations within habitats between shady and sunny branches in our study probably reduced our chances of detecting differences in visitation rates between edge and interior habitats. Shady conditions Table 3 Maximum-Likelihood ANOVA Note. Values are calculated with observed variance and effect sizes representing a two-fold and a four-fold difference in pollen limitation between interior and edge plants. 69 dominated the forest interior habitats and the conditions of our experimental plants in the interior, but half of our observations were conducted in sunny or partly sunny locations in both habitats. It seems likely, then, that rates of visitation to the experimental plants, which were not selected on the basis of sun exposure, differ more than the levels reported here.
Pollen Limitation
Lonicera maackii experienced significant pollen limitation of fruit and seed production in the two urban forests we studied. Fruits per flower and seeds per flower showed a larger response to supplementation experiments than did seeds per fruit, which is consistent with other studies (Knight et al. 2006) While greater pollen deposition could result in up to 50%-100% more fruits per flower or 37%-145% more seeds per flower, the consequences for the rate of population growth or invasion spread are unclear. Demographic models showed that the population growth rate of Cytisus scoparius, another invasive shrub, responded strongly to variation in seed production (Parker 1997) . Seed production is expected to have large effects on population dynamics in expanding plant populations (Crone 2001) . In other cases, variation in seed production contributed little to the population growth rate of the invasive plant (e.g., Hyatt and Araki 2006) . Seed production probably influences the population dynamics of invaders less in established populations near carrying capacity. Pollen limitation in L. maackii may slow the population growth rate in situations where components of progeny fitness such as germination, seedling survival, and individual growth rate are density independent. Pollen limitation that reduces overall seed production will influence the probability of colonizing new locations. Birds disperse L. maackii seeds into multiple habitat types (McCay et al. 2009 ), although Bartuszevige and Gorchov (2006) found that the primary avian seed disperser Turdus migratorius (American robin) spends little time in the forest interior. Therefore, most seed dispersal involves the movement of the seed of edge plants along forest edges or into nearby open habitats. Odocoileus virginianus (white-tailed deer) browsing on L. maackii could also contribute to seed dispersal in forest interiors (Vellend 2002) as well as longdistance dispersal (Myers et al. 2004 ). Significant pollen limitation of fruit, the dispersal unit for birds, could limit deposition of L. maackii seed along forest edges and into surrounding open habitats. Local passive dispersal in the interior and long-distance dispersal by deer would respond to overall seed production.
Habitat Effects on Pollen Limitation
Patterns of pollen limitation among environments offer insights into the mechanisms of pollen limitation ; however, only a few studies of natural populations have reported such variability (Totland and Eide 1999; Totland 2001; Montgomery et al. 2003; Lundemo and Totland 2007) , especially over small spatial scales. Greater visitation and pollen transfer to edge flowers than interior flowers led us to expect greater pollen limitation in the interior habitats than in the edge habitats. The influence of habitat on patterns of pollen limitation, however, was inconsistent and not as strong as predicted. Lonicera flowers at Waterman showed a nonsignificant trend for greater pollen limitation of fruit production in the interior habitat relative to the edge. The failure to find significant differences was in part caused by high variability in fruit production and low sample sizes, which resulted in low power for the statistical test. At Kenney, in contrast, the predicted difference in pollen limitation was not observed. Two processes could account for this discrepancy. First, differences in the quality of pollen deposited could account for similar degrees of pollen limitation across habitats despite greater deposition in edge habitats (Waser 1983; Aizen and Harder 2007) . Higher proportions of selfpollen deposition on edge flowers seems likely because visitors to plants at the forest edge, primarily A. mellifera at Waterman, visited more flowers per plant than did the native bees that visited plants in the interior. The higher density of flowers and an overall larger floral display along branches in edge plants compared with interior plants could further contribute to geitonogamous pollen transfer in edge plants. Increased geitonogamy is considered to be a potential cause for correlations between decreased outcrossing rates and increased floral displays (Snow et al. 1996; Brunet and Eckert 1998; Karron et al. 2004; Brunet and Sweet 2009) . In addition, windier conditions along the forest edge could have affected greater geitonogamous pollen transfer, either through wind transport of pollen over short distances or by increasing movement of branches and physical contact between flowers on different branches of the same plant.
The second process that could account for a lack of habitat effects on pollen limitation is greater resource limitation of female reproduction in interior plants relative to edge plants. We found higher reproductive output for supplementally pollinated plants in forest edges than interior habitats, suggesting that resources limit reproduction in the interior. In addition, if edge plants had lower genetic variability than did interior plants, the quality of pollen that was applied to stigmas of edge plants could have been lower than that of pollen applied to interior plants, but the same could be said for pollen deposited by insects foraging locally in the interior. Tests of germination success of seed also did not support the hypothesis that lower-quality pollen sired any of the interior treatments relative to the edge habitat (K. Goodell, unpublished data) . It seems likely, therefore, that edge flowers require more pollen to saturate their reproductive capacity than interior flowers. Theoretical treatment of this phenomenon predicts increased pollen limitation in relatively resource-rich habitats (Burd 2008) . Empirical studies support the notion that various resources, such as light (Niesenbaum 1993) or temperature (Totland 2001) , can play important roles in mediating pollen limitation in natural populations. Significant habitat effects on fruit and seed production in our study support the hypothesis that reproduction in interior plants is limited by resources as well as pollen, whereas in 70 plants along forest edges, reproduction was largely limited by pollen receipt.
In conclusion, despite significant variation in pollinator visitation and pollen deposition to the invasive shrub L. maackii, the magnitude of pollen limitation was similar between interior and edge habitats. Biotic and abiotic features of each habitat, including pollinator composition, visitation rates, and light availability, interacted to determine patterns of pollen limitation in L. maackii. Pollen limitation of reproduction was influenced directly by extrinsic environmental factors, probably light, that moderated the response to supplemental pollen loads of plants in the interior. In addition, pollen limitation was influenced indirectly by the response of pollinators to these environmental factors. Thus, our results suggest different mechanisms of pollen limitation of reproduction in the two habitat types. Pollen quality is likely to be a more important factor for edge plants because pollinators visit more flowers per plant in edge habitats than those in the forest interior. Interior plants, in contrast, are likely to experience pollen quantity limitation, as evidenced by the low visitation rates and low pollen deposition rates.
From an applied perspective, these differences contribute to our ability to predict responses of L. maackii reproduction patterns to changes in both the biotic and abiotic environments. Factors reducing shade in the understory, such as logging, canopy tree falls, or severe herbivory that reduces leaf interception of light, could improve the pollination services to interior plants and alleviate pollen limitation of seed production as well as resource limitation of reproduction. Such a response has been suggested for another invasive plant in forest understory habitats (Totland et al. 2005) . Changes to the pollinator community, such as removal of managed A. mellifera hives, would likely influence the quantity of pollen received by edge flowers, but our study suggests a minimal effect on the degree of pollen limitation and reproductive output if A. mellifera tend to transfer mostly geitonogamous pollen. From a basic perspective, the apparent differences in the mechanism of pollen limitation associated with local habitat type suggest that response to selection on plant and floral traits to overcome pollen limitation will be slow despite the positive relationship between pollen receipt and reproductive output (Herrera 1995) . These inferences were possible only because we measured several variables related to pollination and reproduction, emphasizing the need for employing multiple measures in field studies.
